ABSTRACT: A small segment of chromosome 1, 12AB-12C, In Drosophila melanogaster is dosage-sensitive for the giycoiytic enzyme pyruvate kinase (EC 2.7.1.40). We suggest that the enzyme is coded by a gene, PykV, located within this region. The activity of the enzyme over developmental time also was measured.
characterized in Drosophila melanogaster, including those for the giycoiytic enzymes hexokinase, aldolase, phosphoglycerate kinase, lactate -dehydrogenase 15 ; triose phosphate isomerase and phosphoglucomutase 25 ; glyceraldehyde-3-phosphate dehydrogenase 5 ; and phosphofmctokinase (Munneke and Collier, in press). The giycoiytic enzymes are of particular interest in studies of enzymatic influences on a phenotypic trait, because it is through glycolysis that metabolites are provided to power insect flight 21 . Not enough is yet known about how these enzymes and the genes that code for them might interact to influence insect flight. It is unlikely that a genetic alteration at one enzyme's locus would cause any noticeable phenotypic change 7 . Therefore, the influence of glycolysis on insect flight is probably best considered as a concerted effect of many enzymes. Studies of genetic influences on Drosophila flight glycolysis must, then, consider many loci at once. Laurie-Ahlberg et al. 10 -11 have shown that there is significant variation in natural populations of D. melanogaster for activity levels of many giycoiytic enzymes and that these variants can interact to influence flight performance 4 . As the structural loci of many of these enzymes are known, a distinction can be made between variation possibly affecting the structural locus versus unlinked regulatory loci. However, the loci for several giycoiytic enzymes, i.e., phosphoglyceromutase, enolase, and pyruvate kinase, have not yet been mapped in Drosophila.
Pyruvate kinase (ATP.pyruvate phosphotransferase, EC 2.7.1.40) occupies an important position in glycolysis because it catalyses the conversion of phosphoenolpyruvate to pyruvate with the concomitant transfer of a phosphate group to ADP forming ATP 8 . Pyruvate kinase from many sources is allosterically regulated by several cofactors. Furthermore, the pyruvate formed can enter several metabolic pathways, including the tricarboxylic acid cycle.
This report describes the developmental profile, tissue distribution, and localization of a dosage sensitive region of the genome of D. melanogaster for pyruvate kinase. This region was detected by the use of segmental aneuploids 12 -14 as no electrophoretic variants were found in a preliminary population survey. If a particular structural gene is dosage sensitive, hyperploids for the locus should produce 50 percent more product than eup'loids. Hyperploids for other regions of the genome should show no such increase. This alternative approach to gene localization has been successfully applied to several gene-enzyme systems in D.
Materials and Methods
The Y-autosome translocation stocks were obtained from the California Institute of Technology Stock Center, Pasadena, California. Y-X translocation stocks used in this study were obtained from the Midwest Drosophila Stock Center, Bowling Green State University, Bowling Green, Ohio. An Oregon R stock was used as a wild type in the developmental studies and as a standard euploid stock. All of the mutants and special chromosomes used are described in detail by Lindsley et al. 12 , O'Brien and Gethmann 14 , and Stewart and Merriam 22 . Crosses were made in half-pint bottles on standard cornmeal-molasses-yeast-agar medium and maintained at 24°C. At least 10 pairs of parents were used to set up each bottle. In some crosses, offspring viability was low and crosses were made in several bottles at a time.
The developmental profile of pyruvate kinase activity was determined by assaying Oregon R flies at various developmental stages. Extracts of first, second, and third instar larvae, pupae at 0, 24, 48, 72, and 96 hours post-pupation, and imagos at 0,24,48, 72,96, and 120 hours post-eclosion were made and assayed.
The tissue distribution of pyruvate kinase in adult flies was determined by separating heads, thoraces, and abdomens and preparing extracts of each body part. The pyruvate kinase activity of each extract was compared to the others and to an extract of whole flies of similar age and sex.
Segmental aneuploids were prepared by the method of Lindsley et al. 12 . Individuals from stocks heterozygous for Y-autosome translocations with different autosomal breakpoints and with breakpoints in opposite arms of the Y chromosome were crossed 14 . Each element of the translocation heterozygote was marked with a different visible marker; the X chromosome was marked with yellow (y), the normal autosomal homologuc was marked with either Curly (Cy) or Ultrabithorax (Ubx), and the two arms of the Y chromosome were marked with y + and Bar s , respectively. In these crosses, the progeny resulting from gametes produced by alternate disjunction were heterozygous for one of the parental translocations. Progeny that resulted from gametes produced by adjacent I or adjacent II disjunction were duplicated or deficient for the region between the autosomal breakpoints. The duplication and deficiency progeny were phenotypically distinct from one another and from their euploid siblings in most cases. If one of the parental stocks had lost the Y-chromosome marker B s , however, the euploid progeny were not distinguishable from the aneuploids. This problem 14 was alleviated by crossing one of the translocation stocks to a stock in which the normal homologue of the translocated autosome was marked with an alternate dominant mutation. Scutoid spring to be distinguished ,among the progeny. The D. melanogaster genome was screened by the method of O'Brien and Gethmann 14 . Only duplications were produced and examined in the initial screen. The X chromosome was examined by constructing hyperploids for the distal and proximal portions of the X chromosome using a Y-X translocation stock (J8) of Stewart and Merriam 22 . The translocation stock was crossed to a stock with attached X chromosomes marked with yellow (y), white (w), and forked (/). The euploid, proximally duplicated and distally duplicated progeny of this cross were phenotypically distinguishable. Smaller regions of the X chromosome were examined by assaying the aneuploid and euploid offspring of crosses between appropriate Y-X translocation stocks. The fourth chromosome was duplicated by crossing attached-fourth chromosome flies with Oregon R flies, producing triplo-4 progeny. The pyruvate kinase activity of the triplo-4 flies was compared to that of similarly reared Oregon R flies.
Enzyme preparation
Extracts were prepared from aneuploid and euploid siblings of the same age and sex. Single fly assays were performed in the initial screen. Regions in which the duplication activity exceeded the euploid activity were further examined using multiple fly preparations. Multiple fly preparations also were used in the developmental studies. In each case, three to five extracts were assayed.
Etherized flies were homogenized in 0.05 M tris-chloride buffer (pH 7.5) in the proportion of 1 -2 flies per 0.1 ml of buffer. The homogenate was centrifuged for IV2 minutes in a Beckman microfuge B. The pellet was discarded, and 40-80 fil of the supernatant was assayed for pyruvate kinase activity.
Eniyme assay
Pyruvate kinase activity was measured using a coupled assay 3 -24 . The standard assay mixture consisted of 0.1 M potassium chloride, 10 mM magnesium chloride, 20 mM ADP, 1.0 mM phosphoenol pyruvate, 0.16 mM NADH, 1.0 mM fructose-1,6-diphosphate, and 5 units (micromoles per minute) of lactic dehydrogenase in 1 ml of a 0.05 M tris-chloride buffer, pH 7.5. For the initial genomic screening, the pyruvate kinase activity was expressed as /tmoles of NADH oxidized/ minute/fly. For the detailed screening of the 11EF-12E region of the X chromosome, enzyme activity was expressed both as ^moles NADH oxidized/min/fly and as /imoles of NADH oxidized/minute/milligram soluble protein. The protein content of extracts was measured by the method of Lowry et al. 13 . Three to five replicate assays were performed in each case. Differences between mean values for segmental aneuploid and euploid flies were evaluated by Student's f-test.
Membrane electrophoresis
Wild D. melanogaster were surveyed for electrophoretic variants of pyruvate kinase. Isofemale lines were derived from wild flies collected in Bloomington, Illinois. Forty such lines were sampled for electrophoretic variation.
Electrophoresis was conducted in a buffer solution of 0.01 M potassium phosphate buffer at pH 7.6. One to four flies were homogenized in 12-20 fi\ of this buffer, and 0.25 /xl of this extract was applied to a cellulose acetate membrane. Runs were conducted at 300 volts, 0.8 milliamperes for 20 minutes in a Beckman Microzone cell.
Staining procedure
The membranes were stained by placing them on a staining solution of 1.5 mM phosphoenol pyruvate, 1.1 mM ADP, 10 mM glucose, 11 mM magnesium chloride, 0.43 mM NADP+, 0.5 mg glucose-6-phosphate dehydrogenase per 100 ml of staining solution, 0.1 mg hexokinase per 100 ml of staining solution, 3.9 mM phenazine methosulfate, 2.9 mM MTT tetrazolium, and 0.75 g agar per 100 ml of staining solution 1 . The staining solutions were made in 5 mM potassium phosphate buffer (pH 7.6). Sites of pyruvate kinase activity appeared as bluish bands after 15 minutes of incubation.
Results

Developmental profile and tissue distribution
The development profile of pyruvate kinase from D. melanogaster is given in both activity units per organism (relative activity) and in units per mg protein (specific activity) in Figure 1 . Enzymatic activity is low during the larval and pupal stages, and increases in the early adult stage. Because the enzymatic activity is relatively stable after the second adult day, all of the flies used in the segmental aneuploidy studies were at least 48 hours old.
In the adult, the majority of pyruvate kinase activity (61 percent) is restricted to the thorax (Table I) . Table II lists the crosses used in the first screen to produce duplications for all of the D.
Localization of the pyruvate kinase dosage sensitive region
melanogaster genome except 83DE on the right arm of chromosome 3. The cross y wf; XX X T(Y:X)J8 produced aneuploids of both the distal and proximal halves of the X chromosome.
In the genomic screen, the region 8C to 20F on the first chromosome showed an increase in pyruvate kinase activity near that expected for a dosage-sensitive region (50 percent above euploid activity). The difference between activity levels of aneuploids and euploids was not significant due to the large variance associated with the activity estimate for the aneuploid. The neighboring segment (1A-8C) also had elevated activity when duplicated, although 30F-35BC  35BC-38C  38C-41  4O^43C  43C-45F   45F-47E  47E-4OC  50C-52E  52E-54F  54F-57b   57B-59B  59B-6OF  61A-65F  64E-67C  67C-70C   70AC-74A  74A-79D  76E-79D  79D-83CD  83EF-86B   86B-88C  88C-91B  91B-93F  93F-96A  96A-97F   96A-97EF  97EF-100F  101A- Rust and Collier: Drosophila pyruvate kinasenot to the degree of 8C-20F. The only other significant differences between means were cases in which the activity level of the aneuploid genotype was low. Aneuploids duplicated for segments as large as these are often slightly smaller than their euploid siblings. Thus it is not surprising that on an activity per individual basis many of these ratios are slightly less than one.
Because both halves of the first chromosome demonstrated the highest elevations of activity when duplicated, the entire chromosome was resampled in small portions (Table  HI) . The segment bounded by the translocation stocks B39 and B24, 11EF-12E, was the only portion of the first chromosome that showed significantly increased activity when duplicated. This segment was further subdivided in another round of crosses (Table  IV) .
The data in Table IV are presented in three sections. The activity levels and ratios for segmental duplications compared to their euploid siblings are listed in the first section. In the second section are the activity levels and ratios for flies duplicated for the entire distal element of a given translocation stock. In the third section are the data for segmental deficiencies and their euploid siblings. On the basis of both specific activity and relative activity measurements, the region bounded on the left by a break in 12AB and on the right by a break in 12C uniquely and consistently resulted in a significant increase in activity when hyperploid and a significant decrease in activity when hypoploid. These data are illustrated in Figure 2 , which clearly show that 12AB-12C is the smallest genomic area to exhibit dosage sensitivity.
Electrophoresis
Electrophoresis was performed on flies gathered from the wild, and on laboratory stocks, such as Oregon R, in the hope of finding an allozymic variant that could be used to map the pyruvate kinase locus genetically. Bands indicative of pyruvate kinase activity were seen on the sustained membranes, but no allozymic variants of the enzyme were discovered in the stocks tested. The electrophorctic mobility of pyruvate kinase was the same from larval extracts and adult extracts. • /tmoles NADH oxidized/min/individual • Ratio of aneuploid/euploid activity, ratios representing significant differences between means are in bold-face type (r-test, N -3-5, P < 0.05)
Discussion
The pattern of development and adult tissue distribution shown by pyruvate kinase is similar to that of many Drosophila enzymes, particularly those involved in glycolytic metabolism 15 . Both relative and specific activity peak early in the pupal stage, then rapidly decline and increase sharply after eclosion (Figure 1 ). The relative activity remains nearly steady after the second adult day, although the specific activity declines slightly during the adult phase.
A small region of the first chromosome at 12AB-12C exhibits a dosage-sensitive response for pyruvate kinase consistent with the hypothesis that the structural gene for the enzyme is located in this region. Each time the 12AB-12C region was sampled in the hyperploid condition, whether alone or as a portion of a larger region, it showed increased pyruvate kinase activity as compared to euploids. When it was examined in the hypoploid condition (as a part of a larger segment), this region showed a marked decrease in activity compared to euploids. Moreover, segments that did not overlap the 12AB-12C region exhibited no dosage sensitivity. That the segment bounded on the left by the Bl 18 breakpoint is not dosage sensitive for the enzyme suggests that this stock's breakpoint (given as 12AC) is actually to the right of the B166 breakpoint (given as 12AB), and that the pyruvate kinase locus lies between them.
Furthermore, electrophoresis revealed but a single zone of pyruvate kinase activity that was identical in mobility for both adults and larvae. Thus, there is no direct evidence to suggest multiple loci and/or stage specific isozymes. Therefore, only a single dosage sensitive region would be expected.
Other explanations are possible for this dosage sensitivity, but they seem unlikely. The region may contain a regulatory locus for pyruvate kinase, but there has been no demonstration of a regulatory locus exhibiting both an increase in enzyme activity in the hyperploid state and a decrease in the hypoploid state * All aneuplotds in this series were female; thus, duplications would have three doses of a given region and deficiencies would have one t C(1)DX. ywf (Stewart and Merriam") ' jimoles NADH oxidized/min/mg soluble protein • jjmoles NADH oxidized/min/individual ' Ratio of activity of aneuploid/activity of euploid of tame sex and age; ratios representing significant differences between means are in bold-face type (/-test, N -3-5, P < 0.05)
